Introduction {#sec1-1}
============

At the time of birth, the human body consists of around 270 bones, and it will be reduced to 206 at the time of adulthood as some of the bones are fused together \[[@ref1]\]. The hip joint transmits the load from the upper body to the lower abdomen \[[@ref2]\]. The average length of hip bone will be 45cms in adult which is approximate ¼th of an adult height \[[@ref3]\]. The hip joint is a synovial joint that fixes the lower limb to the trunk. It provides a wide range of movements which comprises a socket (acetabulum), and synovial ball (femoral head). With an increase in the femoral head size, the range of motions increases with an increase in the movement of the joint \[[@ref4]\]. However, the size of the joint depends on the individual anatomy. Hip femoral head diametral sizes vary from 22mm to 54mm depending upon the person's anatomy and range of motions required. The hip joint can support the complete weight of the body while providing stability mainly during the movement of the trunk on the femur, as taking place during walking and running \[[@ref5]\].

The femoral head is articulated into the pelvis and gives the joint different degrees of freedom, which helps the joint movement \[[@ref6]\]. With the trauma or injuries and due to the age, these joints must be replaced by artificial implants. Early from 1935, the hip arthroplasty was a successful medical procedure which then was used for any type of hip joint disorders. Total hip arthroplasty is commonly known as one of the best advanced techniques in healthcare \[[@ref7],[@ref8]\]. Sir Charnley was considered as the key designer for total hip joint arthroplasty. In total hip arthroplasty, the femoral head is separated from the acetabulum by introducing a bearing surface between the two parts. By this procedure, the pain is drastically reduced, and motion is restored. The stems are the primary components that give stability after the arthroplasty \[[@ref9]\]. Over the stem, the femoral head is fitted by press fit, followed by an acetabular cup and backing cup. Presently, hip joint arthroplasty has a success rate of 10 years and 95% survivorship for the patients elder than seventy years \[[@ref10],[@ref11]\]. Different biomaterials have been used as bearing surfaces since the beginning of the hip joint prosthesis. The bearing couple used by orthopedic surgeons can be metal-on-polyethylene (MoP) and ceramic-on-polyethylene (CoP), which are well-known as hard-on-soft bearings; and metal-on-metal (MoM), ceramic-on-ceramic (CoC) and ceramic-on-metal (CoM), which are well-known as hard-on-hard bearings. Hard-on-soft bearings have suffered a long-term failure due to polyethylene wear debris induced osteolysis \[[@ref11]\]. Osteolysis is the result of biological and biomechanical connections between the wear debris produced by the total hip arthroplasty and the environment. This depends on the wear volumes, size, and shape of the wear debris produced. Small submicron polyethylene wear particles elicit more powerful biological activities than larger particles \[[@ref12]\]. Even though there are many types of materials, combinations are used to develop the implant. There is a limited life span for the implant, and it requires resurfacing after that, so there is a wide scope to develop the new biomaterials and enhanced designs of the implants which will last long more than ten years. There is a need to develop a long-lasting prosthesis that can be used for high demand younger and more active patients like elite athletes and professional sportspersons \[[@ref13]\]. Gradually, more patients undergo total hip arthroplasty due to an active lifestyle and also injuries \[[@ref14]\], and they are usually expected to uphold an advanced level of activity even after hip arthroplasty. In addition, life expectancy increases, which has placed an increasing demand on these arthroplasties. For these reasons, even though this is a highly positive operation, the number of revision procedures is expected to rise near future. So, it is required to improve the combination of material, design and the surgical procedures which will help to develop the new implants that can last long more than ten years in order to avoid the hip resurfacing over the period after the hip arthroplasty. Previously, many studies have been carried out to understand the behavior of different implants under different loading conditions \[[@ref15]-[@ref18]\]. In the present study, four different stem shapes are designed: a uniform femoral head ball size of 28mm, an acetabular cup of 4mm and a metal backing cup of 2mm are used \[[@ref19],[@ref20]\]. All the components are modeled using CATIA V-6. The femur bone is modeled from the computed tomography images of a healthy femur bone scanned data set. Mimics is used to extract the femur model from the CT images. The complete hip implant is evaluated along with the femur bone. The finite element method is widely used to analyze the different biomedical implants \[[@ref21]\]. The static structural analysis is performed on these models using ANSYS R-19 to know the best design among these four models which are widely used presently.

Material and Methods {#sec1-2}
====================

In this analytical study of femur, the institutional ethical clearance was obtained from Kasturba Medical College, MAHE, Manipal. Anonymized healthy male CT scans were obtained from Kasturba Medical College, Manipal for the present study \[Age of the patient was 36 years and length of the femur was 461mm (Weight 76kgs)\] \[[@ref22]\]. Philips Brilliance 64 channel CT scanner was used to obtain the CT DICOM images with slice thickness 0.625mm. The average length of the adult femur of the Asian population is between 42 to 48cm, so it is between the value femur \[[@ref3]\]. Three-dimensional models of the femur are developed using Mimics (Materialize, Leuven, Belgium) software in Digital Imaging and Communications in Medicine (DICOM) format \[[@ref23]\]. Initially, segmentation is carried out with the change in density and with editing the mask option, the model is filtered to obtain a new geometry consisting exclusively of separate cancellous and cortical bone \[[@ref24],[@ref25]\]. Once the three-dimensional bone is extracted from the Mimics, using the 3-Matic, the smoothing and wrapping of the bone model are carried out. Further, the model is used in CATIA V-6 for smoothing and removing the irregularities in the model outer geometry. The modeled femur bone mimics the natural joint \[[@ref22]\]. To implant the designed stem into the femur, the femur is bisected from the greater trochanter and the femoral head is removed \[[@ref26]\]. The shape of the stem will greatly affect the functionality and longevity of the implant. Cross-section of the stem with varying geometry will directly affect the stress distribution in the implant along with the deformation. In the present study, four different cross-section designs (circular, oval, ellipse and trapezoidal) are considered. The cross-sections are varied along with the length of the stem from the distal end. The trunnion is considered as 12/14mm for the models which are modeled, where the femoral head is going to be fitted into the stem. All these stem designs were modeled in CATIA V-6. The four different stems with varying cross-sections are shown in [Figure 1](#JBPE-9-507-g001.tif){ref-type="fig"}.

![The different stem designs shapes (a) Circular, (b) Ellipse, (c) Oval, (d) Trapezoidal.](JBPE-9-507-g001){#JBPE-9-507-g001.tif}

The length of stems from the proximal end to distal end is 180mm, and this length is constant for all the stem designs. The uniform femoral head size of 28mm along with an acetabular cup of 4mm and backing cup of 2mm is modeled \[[@ref27]\]. Using Boolean operation, all these components are joined together to replicate the complete hip prosthesis. The complete hip implant which is modeled with different cross-sections of stems, it is inserted into the femur bone. These implants are positioned into the bisected femur bone considering the patient's femur and pelvic anatomy \[[@ref28]\]. These hip implants along with femur are used for the static structural analysis in ANSYS R-19 to evaluate the best implant design out of the developed four different models.

Boundary Conditions {#sec2-1}
-------------------

To carry out the finite element analysis of non-modular femoral stems, the boundary conditions are applied as per the ASTM F299-13, and loading conditions are considered as per ISO 7206-4:2010(E) \[[@ref29]\]. According to these standards, the modeled stems are bisected into three cross-sections, the first cut from the center of the head to 80mm. A second cut should be 10 mm below the first cut. The hip stem is constrained in all directions on all faces from the distal end to the second cut. Constraining the stem in this manner ensures that excessive erroneous stresses are not generated at the region of interest due to the influence of rigid fixation \[[@ref29]\]. The femur bone is considered isotropic linear \[[@ref30],[@ref31]\]. Ultra-high molecular weight polyethylene (UHMWPE), CoCrMo alloy, 316L stainless steel, and Ti-6Al-4V alloy are now used in the hip implants. In this study, stem, femoral head, and backing cup are considered as cobalt-chromium, and acetabular cup considered as ultra-high molecular polyethylene. This is the same as ceramic on polyethylene hip implant. The femur bone is extracted as separate cortical bone, cancellous bone and respective materials properties are assigned which will mimic natural human femur. The material properties considered for the study are given in [Table 1](#T1){ref-type="table"}.

###### 

Mechanical properties of the different materials.

  Sl no.   Materials         Young's modulus \[GPa\]   Density \[gm/cm^3^\]   Poisson's ratio   Ultimate Tensile strength \[MPa\]   References
  -------- ----------------- ------------------------- ---------------------- ----------------- ----------------------------------- -----------------------
  **1.**   Cortical bone     17                        2                      0.30              130                                 \[[@ref32],[@ref33]\]
  **2.**   Cancellous bone   0.52                      1.08                   0.29              \-                                  \[[@ref32],[@ref33]\]
  **3.**   Co-Cr Alloy       200                       8.5                    0.30              1503                                \[[@ref32]\]
  **4.**   UHMWPE            0.963                     0.949                  0.31              48                                  \[[@ref34]\]

[Figure 2](#JBPE-9-507-g002.tif){ref-type="fig"} shows the hip implant with applied boundary conditions and the complete discretized model.

An unstructured mesh with a mesh size of 1mm is considered for the stem, acetabular cup, backing cup, and femoral head, and mesh size of 5mm is considered for the bone including cortical and cancellous bone. Output for mesh convergence study was the von Mises stress. With the previous study, the mesh convergence study was performed on the complete femur bone, and it was found that there is no change in the results with mesh size lesser than 5mm. So, femur mesh size is considered as 5mm to avoid the higher time for analysis \[[@ref35]\]. These sizes are kept constant for all the four designs. [Table 2](#T2){ref-type="table"} below shows the number of elements and nodes with respect to different stem designs.

![(a) Boundary conditions applied to the implant (b) Discretized model of the complete implant with the femur.](JBPE-9-507-g002){#JBPE-9-507-g002.tif}

###### 

Number of elements and nodes for different stem designs.

  Sl       Implant designs   Total number of elements   Total number of nodes
  -------- ----------------- -------------------------- -----------------------
  **1.**   Circular          170,970                    378,157
  **2.**   Oval              163,945                    341,406
  **3.**   Ellipse           154,863                    328,233
  **4.**   Trapezoidal       160,289                    334,911

Results {#sec1-3}
=======

The femur bone consists of cancellous bone at the core and cortical bone at the outer surface. Bone is modeled using mimics. In the implants, the stem, femoral head ball, and the backing cup are considered as CoCr material, and acetabular cups are considered as UHMWPE material.

This combination mimics the same as ceramic on polyethylene (CoPE) which are used as hip implants in the total hip arthroplasty. The static structural analysis is carried out using ANSYS R-19 to know the stresses induced in the implant along with femur and the total deformation, deformation in Z-axis, and related elastic strain. [Figure 3](#JBPE-9-507-g003.tif){ref-type="fig"} shows the total deformation and von Mises stress of all the four designs.

![(a) Total deformation in mm; (b) von Mises Stress in MPa.](JBPE-9-507-g003){#JBPE-9-507-g003.tif}

The circular-shaped implant exhibited minimal total deformation of 0.16mm, comparatively lesser than the other three designs. The circular shape also showed the von Mises stresses of 218.78MPa which is lesser over the other three stem designs. [Figure 4](#JBPE-9-507-g004.tif){ref-type="fig"} shows the total deformation and von Mises stresses on the circular shaped hip implant along with femur.

![Circular shaped stem implant (a). Total deformation, (b). Equivalent stress (von Mises).](JBPE-9-507-g004){#JBPE-9-507-g004.tif}

Also, the deformation in Z-axis, due to the load applied on the backing cup, mimics the normal load transmission from the backing cup to the femur bone. [Figure 5](#JBPE-9-507-g005.tif){ref-type="fig"} shows the deformation in Z-axis and equivalent strain acting on the implant and femur. Circular shaped stem implant has the z-axis deformation of 0.053mm and equivalent strain of 0.003mm/mm.

![Circular shaped stem implant (a). Directional deformation in Z-axis, (b) Elastic strain.](JBPE-9-507-g005){#JBPE-9-507-g005.tif}

[Figure 6](#JBPE-9-507-g006.tif){ref-type="fig"} shows the deformation in Z-axis of different stem shaped implant and also the elastic strain.

![(a) Deformation in Z-axis in mm (b) Equivalent elastic strain in mm/mm.](JBPE-9-507-g006){#JBPE-9-507-g006.tif}

Discussion {#sec1-4}
==========

Previously, many studies were carried out to know the behavior of different hip implant designs when subjected to static and dynamic loading conditions, but in all these studies, different boundary conditions were considered to apply load. In some studies, the distal condyle is fixed, and load is applied over the implant; in some other studies, along with distal condyle, some proportions of grater trochanter are fixed. However, in all these studies, the implants were considered safe if von Mises stresses were lesser than its yielded strength. In the present study, different stem shapes were taken into account with varying curvature and identical femoral head of 28mm, an acetabular cup of 4mm thickness, and a backing cup of 2mm thickness was modeled \[[@ref36]-[@ref38]\]. All these are fixed into the femur as for each surgical procedure. The boundary conditions are considered as per ASTM F299-13, and loading conditions are considered as per the ISO 7206-4:2010(E) \[[@ref29]\]. Among the four designs, the circular-shaped stem shows lesser stress compared to the other three shapes. These values are identical to previous studies \[[@ref15]\]. The circular-shaped implant has the stress values 218.78MPa and deformation of 0.16mm. The stress pattern was observed almost the same in all the four designs considered for the study. The maximum total deformation was found to be at the top of the femoral head, and von Mises stresses were more at the junction where the stem is bisected from the center of the femoral head. The trapezoidal-shaped stem and circular shaped stem show the lesser stress values compared to the other two. With respect to deformation in the loading acting axis ellipse, oval and trapezoidal has shown more values which is relatively higher than the deformation in the circular-shaped designs. In this study, it is found that the cross-section shape of the stem affects the overall performance of the implant after the arthroplasty even though all other parameters are kept considered the same. Overall, the circular cross-sectioned shaped stem implant along with femur bone has least von Mises stress and deformation, which is expected to have a longer life compared to the other three designs.

Conclusion {#sec1-5}
==========

In the current study, four hip implant designs namely circular, oval, ellipse and trapezoidal were modeled. For all the designs, the constant femoral head size of 28mm diameter, an acetabular cup of 4mm thickness and a metal backing cup of 2mm thickness were used. All these components were fixed to the stems, which were developed with the change in the cross-section. A healthy femur bone was modeled through patient-specific bone CT scans using Mimics. The femoral head was removed and implants were implanted into the femur. ASTM F2996-13 standards were considered as boundary conditions. Loading was applied as per the ISO 7206-4:2010(E), and static structural analysis was performed using ANSYS R-19. Moreover, ceramic on polyethylene was considered as implant materials. All in all, it was found that all four designs exhibited lesser stress values than the yielded strength. However, in these four designs, the circular-shaped implant had less deformation and von Mises stress. Concludingly, these designs could be used for fatigue tests under dynamic conditions to predict the life of the implant.
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